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The Basis of Our Measuring System”

PROCEEDINGS OF THE IRE

A. G. McNISHf

Summary—The measuring system used for scientific work
affords 2 means of making physical measurements with great pre-
cision and accuracy. The best measurements can be made of the
quantities taken for the basis of the system. A decrease in both
accuracy and precision arises in measuring quantities which are re-
lated to them in a complicated way. The standards which fix the
magnitudes of the units on which the system is based appear to be
very constant. Some improvement in the system may be obtained by
substituting physical constants for these standards. This has already
been done for the standard of temperature, and it can be done ad~
vantageously for the standards of length and time; but there seems
to be no way to replace advantageously the standard for mass.

INTRODUCTION

TN HE most satisfactory kind of information that we
I} can secure about phenomena is developed through
measurement. [f the phenomena are not suscepti-
ble to measurement, the information we can obtain of
them is rather unsatisfactory and incomplete. It is the
high measurability of the phenomena involved which
sets the pliysical sciences apart {rom the others and

causes them to be culled the exact sciences.

Corollarv to this, the more accurate the measure-
ments, the better is the information which we obtain.
To a considerable extent, the spectacular advances we
have achieved in the physical sciences during the past
few decades are the results of more accurate measure-
ments. Rough descriptions of phenomena are no longer
satisfactery. A few centuries ago, it was adequate to
know that the rate of free fall for a body is independent
of its mass. Later, the knowledge that the path of a
freely falling body with some initial motion describes
an approximate parabola sufficed. Today we recognize
that the ideal path is actually an ellipse; and, if the
gravitational field is not completely specified by the in-
verse square law, perturbations of the elliptical path
must be allowed for, as in the case of an artificial satel-
lite.

In order to carry out accurate measurements, we have
established a system of units and a system of standards
to fix and preserve the sizes of the units. \WWhat are the
requirements of such a system? How many units and
how many standards do we need? And how many of
them are what we call “basic”?

Let us consider several possible systems. For example,
we night take for the unit of length, the length of some
arbitrarily selected bar; for the unit of mass, the mass
of some specified object: the unit of electromotive foice,
the open circuit EMFE of a particular Clark celi; the un:t
of current, the short-circuit current of a particular grav-

* Original manuscript received by the IRE, December 9, 1938
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ity cell; the unit of resistance, the resistance of 4 par-
ticular piece of wire, etc. For each quantity in physi(:s’
we would have an independent unit for measuring that
quantity and the magnitude of each unit would be fixeq
by the standard embodyving it.

\What are the faults of such a system? One of its djs.
agreeable aspects is that, with units so chosen, it would
be a rare case of good fortune if we found that the'equa-
tion E=IR holds. We would find, of course, Ex R
Each physical law expressed in the form of an equation
would require a different factor of proportionality to re-
late the sizes of the units involved. However, if we have
selected our standards for such a system with good
judgment, we would have an excellent set of standards
and we could measure phyvsical quantities with great
accuracy in terms of the unit embodied by the stand-
ards. Also, we could select the standards so that all units
would be of convenient size for practical use.

We can exercise a little parsimony in our choice of in-
dependent standards by selecting only a few to fix the
units of several quantities and have the units for other
quantities fixed by physical equations. Thus, for ex-
ample, having independent units for electromotive force
and resistance, we can write / =kE/R to define the unit
of current. \We can simplify things by setting % equal to
unitv. How far can we go in our parsimonyv? What is the
smallest number of arbitrary, independent units and
standards which are required for a measuring system?

The founders of the metric svstem sought to reduce
the number of independent standards by defining the
gram as the mass of one cubic centimeter of water, leav-
ing the meter as the one independent unit and adopting
a coustant of nature, the density of water, to fix the unit
of mass. For reasons to be discussed later, thev found
this unsatisfactory. Had it worked we would have found
it convenient for it would be necessary for measuring
laboratories to compare only meter bars. Each could
then set up consistent units of arca, volume, and mass,
depending only on the meter bar.

We can sce that with a system such as this an entire
system of measuring units can be built up based upona
single arbitrary, independent standard. The unit of
time could be the time of swing for a one-meter sendu-
lum, or the time light takes to travel one meter. Oth?r
units could be defined by various equations as we did
before for the unit of electric current.

[f we set all of the constants in our defining equation
equal to unity, we will find this svstem very Com*enielﬁ
for theoretical work, for most equations are in Ih_e”
simplest form. But we will not find the system good 10f

experimental work because many of the quantities most
(1})[6
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frequently measured in phvsics would not be measur
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pe done in a number of ways. .

- Toillustrate one of the many ways this can be done,
upPODe we rewrite the electromagnetic wave equation
;‘.¢/8t =% /0x* iustead of 9@ /0f* = 0% /dx?, the quan-
qum equa wtion E =v instead of E=hy, the gravity equa-

don [= it w2 instead of F=Gmm./r?, and the
nolec ul v energy  equation E=(3/2)7 instead of
E=(3/ k] Now with provisional measuring units of

grbitrary size we can perform various experiments in-
volving these equations, assuming that other equations
_of physics arc written in their conventional forms. We

then sol\ e the results obtained and find what values we
must assigh Lo our pronslonal units. If these sets of ex-
pmmcnb are performed by dme[empeoplc they will be

i agreement on the sizes ol their unit

have been per-
ement,

The necessary experiments dhczldy

formed, using our conventional units of measur

so that we can write down the equivalence of these in

our new units as shown in Table I. To put it another
TABLE T
Avrroxinytt Varces or ConvesTtioNan Unirs I Terus
o UNiTs DERIVED BY SETTING ¢, G, b kB AND
e, Boran 1o UNITy
Oune meter 2X10% length units

83X 10*% time units

2X 107 mass units

2X 1078 temiperature unit
2 X 107% power unit
2X10'7 charge unitz

One second

One kilogram

Onie degree Kelvur
One walt

One coulomb

t o oway, what we have done 1s to assign the value uniwy to

the speed of light ¢, Planck’s constant #, the universal
‘ coustant k. If we
also set wy wnd e which we call the permeability and

gravity constant, G, and Boltzmann's

permittivity of space equal to unity, as we may do con-
sistently since ¢ is unity, further interesting results are
obtained. We now find that the units of the electrostatic
system and the electromagnetic system as defined by
Coulomb’s cquations are of identical magnitude; the
unit of electric charge is about 4.8 X107 coulombs,

which is approximately equal to the nuclear charge for

 the elements where the percentage mass defect is a

maximum; the electronic charge 1s given exactly by

¢=+/a' 27 where a is the well-known Sommerfield fine-

Structure  constant, approximately equal to 1/137,

Eddinglon's magie number! Also the unit of energy is

exactly the energy released when one unit of mass is

Mnhilated in with
=1mc?,

accordance Einstein’s equation

-t

O
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Tu spite of a number of appealing leatures of this svs-
tem we cannot recomimend it for pracrical use. Beecause
f the uncertainty mvoived at the present time in rela
ing experimentally the gravitational constant to other
quantities of physics, the magnitudes of the units so de-
fined would have an uncertainty in their practical re-
alization of about 1 part i 1000. We can. of course, use
some other constant instead of G and thus reduce the
uncertainties, but they would still be much greater
than we can afford to have them.

We now ask ourselves if we have really eliminated
standards from our system by this procedure. Have we
not made ¢, I, G, k, and € our new standards? Are these
not our new “basic” quantities of physics? This is all a
matter of point of view.

Some of these concepts may seem heterodox to those
who have been indoctrinated in the trinity of mass,
length, and time as fundamental units. They have been
touched on here because some smattering of them is
necessary to understand the system of units and stand-
ards currently used by phyvsical scientists of all nations
of the world. Theyv serve to illustrate the requirements of
a svstem of units and standards for an adequate meas-

furing svstem, requirements which are very well met bv

ocur present system.
OUR PRESENT UNITS AND STANDARDS

The authors of the metric system intended that the
meter should be one ten-millionth of the length of the
north polar quadrant of the Paris meridian, demonstrat-
ing u desire that a measuring svstem be based on sonie
natural magnitude which would remain constant, a de-
sire which still exists with metrologists. But thev soon
found that thev could compare two meter bars with each
other with greater precision than they could relate them
to the earth’s quadrant.

Similarly, thev fouund that the masses of two metal
cylinders weighing about one kilogram each could be
compared with each other more preciselv than either
could be related to the mass of 1000 cubic centimeters
of water which was supposed to define then:. Thus, the
pioneers in precise metrology found that greater pre-
cision in measurement could be achieved if they adopted
some readily measurable artificial things for standards
than if they adopted less readily measurable things of
nature.

Accordingly, the International Commission of the
AMeter, meeting in 1872, resolved to take the meter in
the Archives of Paris “as is” (dans U'étut otr 1l se trouve)
for the standard of length. Similarly, theyv adopted the
platinum-iridium  kilogram of the Archives as the
standard of mass, “considering that the simple relation-
ship, established by the authors of the metric system be-
tween the unit of weight and unit of volume, is repre-
sented by the actual kilogram in a sufficiently exact
manner for the ordinary uses of industry and science

.and that the exact sciences do not have the-self-
same need of a simple numerical relationship, but only
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of a determination as perfect as possible of this relation-
ship.” Three years later many of the leading nations of
the world signed the treaty of the meter which created a
procedure for coordinating the standards of measure-
ment for the scientific world through an International
Bureau of Weights and Measures and a General Confer-
ence of Weights and Measures.

For manv vears no new standard for time was
adopted, the ancient definition of the second as 1/86,400
part of a mean solar day being retained. A separate and
independent standard for temperature measurements
was adopted and changed a number of times until, in
1954, the thermodynamic temperature scale was based
on the triple-point temperature of water as 273.16°K.
Other units were defined in terms of the units embodied
by these standards by agreed-on equations of physics.

Thus, our system of units and standards does not
follow either of the extreme types of systems described
in our introduction. Four, and four only, independent
standards have been adopted to which we attach the
name prototvpes. The reasons for this are clear. They
are standards for quantities which can be measured
very accurately and they are standards which we be-
lieve can be preserved or re-produced, as in the case for
the standard of temperature, very accurately. Further-
more, standards for other quantities can be constructed
from them with adequate accuracy in accordance with
the defining physical equations.

FROM PROTUTYPES TO ELECTRICITY STANDARDS

As pointed out hefore, we could establish our stand-
ards of electricity and magnetism with the same degree
of arbitrariness that we used for the prototypes. How-
ever, it is not desirable that we do this, for then the
units of electrical and mechanical power would not be
the same unless we cluttered up the equations of electric-
ity and magnetism with an unnecessary number of
numerical constants. Furthermore, standards for the
more useful electric quantities may be established in
terms of the prototype standards with great accuracy,
as shown by Silshee.!

In the early days of research in electricity and mag-
netism, there was no way to measure these phenomena
accurately. The strength of a current was measured by
the deflection of a compass needle which the current pro-
duced, but, since the deflection depended on the
strength of the earth’s magnetic field, two observers in
different places could not compare their results. Varia-
tions in the strength of the geomagnetic field from place
were measured by timing the oscillations of a “perma-
nent” magunet which, even in those days, was known to
be far from permanent.

C. F. Gauss first showed how magnetic and electric
quantities could be measurerd accurately in terms of the
units used for mechanical quantities which are embod-
ied in relatively invariant standards. This is the well-
known magnetometer experiment which every student

' F.B. Silsbee, “The ampere.” this issue.
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May
of physics and electrical engineering must have per
formed. That Guass thoroughly understood what h;
was doing we must presume. That he anticipateg the
reverence and mysticism with which future generationg
of scientists would regard the units of mass, length, and
time is not likely. It is clear from the writings of those
who followed him that they recognized a duplicity i,
electric units (esu) and magnetic units (emu) and that
they could not simultaneously set € and uo in these gyg.
tems equal to a dimensionless unity and still retaip {he
generally agreed-on unit of time as well as the Mmetric
units of length and of mass.

Thus, in the early days of electromagneric sCience,
the systems of units were not on a satisfactory bagig
since electric and magnetic units were conflictingly de.
fined. Nor was the situation remedied by combining
the esu and emu systems into that bifurcated svstem
which falselv is called Gaussian. A further disagreeable
feature is that some of the units in both systems are of
inconvenient size, and are not even approximately equal
to the units for voltage, current, and resistance which
had been adopted by the communications engineers of
that dav.

To resolve these difficulties, Giorgi proposed that one
more arbitrary unit and a standard for it, this time for
an electric quantity, be added to the system. By suit-
ably choosing this new unit we can make the MKS units
and the practical electrical units form a consistent sys-
tem. What we mean by this is that equations of the type
W= I*R would be valid if 7 and R were expressed in the
electrical units and 1V is expressed in MKS units. Of
course, Coulomb’s equations for the force between unit
electric charges and between “unit magnetic poles”
would contain constants of proportionality other than
unity just as does the equation for the gravitational at-
traction between two unit masses, as it is ordinarily
written.

Giorgi's proposal found such increasing favor among
scientists that in 1946 the International Commission on
Weights and Measures adopted it in principle. But in-
stead of adopting a new independent unit and a stand-
ard for it, th‘ey redefined the ampere! in accordance with
another suggestion of Giorgi in such a way as was equiv-
alent to rewriting the equation for the force between
two infinitely long current-carrying conductors. The old
emu equation for force per unit length for unit separa-
tion of the conductors was F=2I? where Fis in dvnes
and [ in abamperes. The new form of the equation be-
came F=2uy[?/47, where F is in newtons, [ in amperes,
and uy has the value 47 X 1077, if rationalized equations
are used. It follows from this that the equation for the
force between two charges is F= 0,0,/ 4mek?® and, if F
is in newtons, Q; and Q, in coulombs, and R in meters,
the equation is correct if € is given by 1/uec?, where ¢
is the speed of light in meters per second.

The present-day system of electric units is known as
the MKSA system. It is important to recognize that
the unit for electric current, the ampere, does not oc-
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lite the same position in it as the meter, kilogram, have been selected as the basis of cur system. In all
d, for they are prototype units and their cases illustrated except one, maximum precision. is

. qre fixed by their independent, proper standards.  achieved when the magnitude of the quantity is the unit
i Lothcr hand, the value of the ampere is fixed in  for the quantity. In all cases there is a decrease in ac-

cupy 4!
qnd secon

n the . . . . . .

4 0 a5 of them as given by an equation involving an  curacy for standards which embody a multiple or sub-
er! ‘ S o ; ; g , ,
(bm-rn-ilv adopted constant of proportionality. Thus multiple of the selected unit. Derived standards are
phifrartis = : : T ) o _ ]
a]e Position of the ampere today is somewhat like that subject to considerable inaccuracy, and this inaccuracy
the v i

 the kilogram in the scheme proposed by the founders lucreases with the experimental complexity involved in
0 = . -

{ the metric system. relating them to the prototype standards. However,
0 - S e . . ) P P
can measure all phvsical quantities directly in  derived standards may be compared with similar ones

4 we < )
(erins of the prototype standards, but following this with a precision far greater than the accuracy of the .
sroceclure 11 all measurements is inconvenient, inac- particular standard involved.
iurﬂfc' and imprecise. For this reason we construct TABLE 1l

§ gandards for various derivea physical quantities and c \ U b
¢ - N - - “STIMATES OF ACCURACY AND I'RECISION IN

U gssign values to them in terms of the corresponding unit MEASURING PHYSICAL QUANTITIES
i derived by experiment from defining equations in- == SR
¢ N - T i ;T
volved and the units fixed by the prototype standards. —— Lﬂceftdl!\l}}“}“-

- hvsica N oteriat parts per Million
[t is clear that, however carefully we perform the ex- ity Device Magpitude |77 7 —
periments in deriving these standards, they can never Accuracy  Precision

1 pave the exactness inherent in the prototype standards. Lonet ‘ .

. . . ength Meterbar 1 meter — 0.03

How these errors enter our derived standards is dis- ° Gage block 0.1 meter 0.1 0.01
cussed in detail by Silsbee! and Engen.® Geodetic tape 50 meters 0.3 0.10
Among the most accurate of the derived standards . Culind e 0 003

. . o - Mass viinder cilogram — .003
are those for some of the electric quantities. Because of Cilinder 1 gram 1 03
this high accuracy and the convenience of making elec- Cylinder 20 kilogram 0.3 ¢.1
ric measurements, these standards are often used for T Crinloooint el 73 16K | - 03

. : s ’ et . empera- riple-point ce 273.16°K | .3
measuring other quantities. We measure the heat of ture Gas thermometer ;  90.18°K | 100 [

. . . . . e [ 5
combustion of fuels, for example, by comparing the heat Optical pyrometer.  3000°K | 1300 300
evolved when they are burned in a calorimeter with the Reai Reat ’T : ; T o ;_

. . Resistance | esistor onm i J .
known heat evolved by the passage of an electric cur- | Resistor {000 ohms 71
rent through a resistor. The results are given directly ¢ Resistor i 0.001 ohm 7 1
. ! B S S S
in joules, the internationally agreed-on unit for heart, ol ! randard cell ool - ol
) . - . .o y oitage i oStandard ce volt ! i i 1
but many chemists foolishly divide the results by 4.1840 STt bose ; ‘x
to convert them to calories. D ostandard cell 1000 voits | 23 D10
1 We can see how well our measuring system works in b DCi' Stamdard coll : T
e © A Ty iy - I L ) ower tandard cell- | i
practice by examining how well various physical quan- L resistor 1 watt : i Py s
tities can be measured in terms of the prototype staud- 60 cvcle | Wattmeter 10-1000 watts; 100 | 30
X-band | Microcalorimeter i 0.01 watt i 1006 i 100
‘

ards. Several tvpical quantities are listed in Table 11 !
with estimates of the uncertainties involved in the best
¢ measurements of standards for these quantities at the
National Bureau of Standards. The uncertainties are ex-
pressed in two ways, those of accuracy and those of pre-
asion. Under precision are placed the uncertainties in
comparing two nominally identical standards for the
Quantity involved. Under accuracy are placed estimates
of the uncertainties in relating the derived standards to is not a static program. Growing technology requires
more and more staudards, extension of the range of

The mamtenance and establishment of standards lor
all kinds of physical measurements is the basic responsi-
bility of National Bureau of Standards. Fulfillment of
this task requires development of precise measurement
techniques and prosecution of basic research in most
fields of the physical sciences. For a standards program

the prototype standards. The uncertainties correspond
approximatelv to “probable errors.” No entries under €xisting standards, and improvement in accuracy. For
example, the rather poor accuracv associated with

AcCuracy are given for the meter, the kilogram, or the
triple-point temperature of water since they are “ac- measurement of microwave power is not due to diffi-

ST T e

turate” by definition. The quantity, time, is not in- culties in the experiment alone, but partly to the fact
tluded in the table because it involves sonie considera- that accurate measurement of microwave power is
tions which will be treated at length later. - recent requirentent of our technology. It is interesting
to note that the old “International” Ohm as embodied
HFFel'iSLiCS of our measuring system. The greatest pre- in the standard specified for it by the International
Usion is attained in measuring the quantities which Conference on Electrical Units and Standards in 1908,

"G, F. Eugen, “A refined X-bund microwave microcalorimeter.” and used until 1948, differed from its theoretical~vatue
©be published. " by about 500 parts in 1,000,000.

The table illustrates a number of interesting charac-
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Pirysical CONSTANTS AS STANDARDS

The desire of metrologists to have their units of meas-
urement embodied in indestructible, immutable stand-
ards was evidenced by the founders of the metric sys-
tem. There are good practical reasons for this desire
apart from its aesthetic appeal. If realized, we would be
assured that measurements made at one time would be
strictly comparable with those made at another, unless
the substances and the laws of physics are themselves
changing with time. But most important is the circum-
stance that cach adequately equipped laboratory could
have its own sct of standards known to be identical
with those of a similar laboratory without the need {or
regular intercomparisons.

We have scen how, in the early davs of the metric
system, 1t was necessary to abandon this desire in order
to achieve the greatest precision in measurements. To
what extent are we now able to substitute phvsical con-
stants for the artificial standards of our measuring
tem without impairing accuracy? We should like of
course, to adopt phvsical constants of the most basic
nature to sct the scale of our measuring svstem, such

SY's-

as G, I, ¢, and &, but, as we saw, precise measurements
cannot be made in terms of them. Improvement can be
obtained bv abandoning G and using another constant
instead of it, but the improvement is not enough.

We can gain considerable improvement in precision,
though with a sacrifice of elegance, by selecting
eral physical constants as the standards for our

less gen-
measur-
ing system. In fuct, this already has been done {or one
physical quantity, temperature, since the number 273.16
15 assigned to the triple-point temperature of water on
the thermodynamic Kelvin scaie. We can see what an
advantage this is, because anvone versed in the art of
imeasurenteits Construct oWl
triple-point cell and establish the standard of temper-
ature which can be realized with a precision of two or
three ten-thousandths of a degree. Furthermore, this
standard can be re-produced at any time in the future
with complete confidence that the standard will be the
same. (The definition is still deficient in that the isotopic
composition of the water is not specified, but this fault
will probably be corrected in the near future.) Pleasing
to think about, although of no immediate advantage, is
that a man on Mars, or even in some other solar system
or galaxy, could establish the same standard for tem-
perature measurement as we use on the earth.

If establishment of a standard for the temperature
scale were all there were to temperature measurements,
our task would be simple and dull. We must make tem-
perature measurements over a wide range, and we must
be able to express our measurements over this range with
as great an accuracy as possible in terms of our standard.
This led to extensive research in the Bureau on phenom-
ena involving temperature and the atomic constants
which are needed for measurement of temperatures by
Planck’s radiation law. Outgrowth of this work in-
volved some of the pioneer precise measurements of the

temperature his

Ceiil
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energy levels of excited atoms in the davs when Boty,
. . s

theory was still an hypothesis.? -
Byv taking a phvsical

in precision of temperature measurements, There dogg
not appear to be any hetter wav to establish a standyyg -

for temperature. This is not true for all the other protg u

type standards.

Can we replace the standard for length by a Natug

standard, sayv, the wavelength of some chosen spectry

line? Babinet proposed this in 1827, but 63 vears pased |

before the first measurements were made to reduce this
to practice by Michelson and Benott in 1892-93. Hoy.
ever, the use of a wavelength for a standard of length
instead of the meter bar is not without fault.

By precise spectroscopy we can compare wavelengths
of two highly monochromatic spectral lines with a pre.
cision of a few parts in 109 Thus, if a suitable spectral
line is accepted as a standard of length, this would als
be the approximate accuracy with which good spectral
lines can be measured. But the task of measuring
material standard in terms of a wavelength standard is
more difficult. Since the pioneer measurements of
Michelson and Benoit, eight determinations of the re-
lationship between the wavelength of the red line of
cadmium and the length of the meter have been per-
formed. From concurrence of the results, the probable
error of the precision of a single determination is cal-
culated to be 1 part in 107, This is somewhat inferior to
the precision with which two meter bars can be com-
pared. Also the wavelength measurements maxv be sub-
ject to systematic errors affecting all determinations
alike. The Bureau has graduated a meter bar directly
using the accepted value for the wavelength of the cad-
mium line as a standard. Subsequent comparison of this
meter bar with others indicates a discrepancy in the
graduation consistent with the above results.

The cadmium red line originally used by Michelson
is not the best line for precision spectroscopyv. To ob-
tain a better line, Meggers, Chief of the Bureau's Spec-
trographic Section, developed a new lamp.* Farlier.
Michelson had suggested the use of the mercury green
line as a wavelength standard, but this was found to
have too much fine structure because mercury in nature

constant to define our temp, L
ature scale we have gained a great deal and lost Nothiy, | L

‘;

consists of seven isotopes, two of which have nonzero
spin. To cure this fault Meggers used mercury 198,
which has zero spin. This was produced in pure form by
bombarding gold, which has only one staple isotope. 197,
with neutrons. This lamp gives much clearer interfer-
ence patterns, but, to excite the radiation, it is necessary
to have some argon in the lamp. The wavelength of the
mercury radiation depends on the argon pressure, S0
that leakage of argon will affect the standard.

$P. D. Foote and F. R. Mohler, “Determination of .'Phngkf
constant k by electronic atomic impact in metallic vapors.,” J. Op:
Soc. Am., vol. 2-3, pp. 96-99; 1919. .
AV, F. Meggers, “A light wave of artificial mercury as the uiu-
mate standard of length,”™ J. Opt. Soc. Am., vol. 38, pp. 7-1+4: 1948
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experiments  have been conducted with
raining krypton 86 held at counstant pressure
v immcrsion in liquid flitrogen at its tripl.e point. \"an‘»i—
*ational lahoratories have found this wavelength
v (lhr(l so satisfactory that the International Com-
‘;(‘?” ‘ on Weights and Measures in October last vear
ﬂ“ttlelincnded ”that the General Conference, which
rezgts (1 1060, redefine the meter in terms of wavelength
g ccified krypton line, and suggested a number for
(his equi\'alcnce based on the n?easure{nents of the cad-
aium wavelengths and comparisons of the wavelengths
of the cadmium and l{l‘ypt911.]1116§: .

The effect of this redefinition, if it is adopted by the
Genera! Conference, will not be marked. The meter has
pever been related directly to the chosen krypton line,
put the iaterrelations are sufficiently well known that
any differences will probably be within the uncertainties
of measurement now existing. It will have the effect of
embodving the unit of length in what we believe to be
an immutable standard and thus fulfilling an old aspira-
ton. Meter bars, gage blocks, etc., will continue to be
wed as standards for the kinds of measurements for
which they are suited. Every once in a while the length
of meter bars will be redetermined in terms of the wave-
length of light, instead of determining the wavelength
of light in terms of the international meter bar.

The possibility of embodying our unit for time in a
physical constant is even more attractive. We can
measure time, and its reciprocal, frequency, with the
greatest precision of any physical quantity. For exam-
ple, we may compare the ratio of the average frequencies
of two oscillators over concurrent time intervals with as
great a precision as we choose. The limit is set by how
long the oscillators will operate and how many cycles we
wish to count, but such comparisons are pointless if the
irequencies of the oscillators are not relatively stable
over the interval involved. Conversely, we may meas-
ure time with equal precision by counting cycles of a
particular oscillator, assuming its frequency is constant.

There is a4 serious problem in measuring time accur-
ately. We can lay two meter bars side-by-side and com-
pare their lengths. If, by subsequent comparisons, we
find that thejr lengths have not changed relatively we
have confidence that our length standards have not
C_hanged. But there is no way to lay two time intervals
side-by-side; we must rely on the stability of an oscil-
lator to compare time intervals. Man-made oscillators
s.hO\v drilts in frequency with respect to each other, and
since oscillators are not passive things like meter bars
and kilogram weights, we expect them to drift.

To obtain a good standard for time and frequency we
Z_*dODted first an astronomical constant, the rotational
frequency of the earth which had been regarded as
Constant since the davs of Joshua. Man-made oscillators
Were used to interpolate for shorter intervals of time
and the second was defined as 1/86400 of a mean solar
day. Since the apparent solar day varies throughout the
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vear due to eccentricity of the earth’s orbit, astronomers
kept track of time by observing star transits, in relation
to which earth’s rotation is much more uniform.

Precise astronomical observations revealed that this
standard was not good enough. The frequency of rota-
tion of the earth is changing with respect to the revolu-
tions of the moon about the earth and the earth about
the sun, when allowance is made for perturbations of the
revolution time. All planetary motions are in substan-
tial accord. In addition to a gradual slowing down,
which is to be expected from tidal friction, there are
erratic fluctuations in rotational speed. For this reason
astronomers carry out their more precise calculations in
ephemeris time, which is based on planetary motions.

With the improvement of quartz-crystal oscillators,
seasonal Aluctuations in the earth’s rotation with respect
to the stars have appeared. Though the oscillator fre-
quencies drift, they drift monotonically, allowing us to
measure these sea§onal fluctuations which amount to 1
part in 103, Correcting for this seasonal fluctuation,
astronomers® have established a more uniform time
scale, called UT2, good to 1 part in 10, tied in with the
earth’s rotation, and hence subject to effects of long
term changes.

So we see that even the smoothed rotation frequency
of the earth is not good enough for a standard. Accord-
ingly the second was redefined in 1956 by the Inter-
national Committee on Weights and Measures as
1/31556925.9747 of the tropical year 1900 at 12 hours
ephemeris time. Why this strange definition” Why not
take the sidereal vear or the anomalistic vear? The
lengths of all these years change in known, highly
regular ways, so that specification of any epoch was
necessary. We chose the tropical year, which is the time
between two successive passages of the center of the
sun across the celestial equator in the sawne sense, be-
cause accurate tables were already available for its
variation, based on the epoch 1900.

The need for a better standard of time became urgent
during the past decade with the improvement in micro-
wave techniques. Microwave terms in the spectra of
molecules and atoms were being measured with in-
creased precision. The Bureau began to explore these
phenomena as the basis for constructing more stable
oscillators.® Before 1952 Lyons and his co-workers at the
Bureau’ had measured the microwave resonance in the
ground state of the cesium atom with a precision of 1
part in 107. Essen and his co-workers® at the National
Physical Laboratory a few vears later increased this
precision to a few parts in 10 It is likely that greater

§ U. S. Naval Observatory, “The Naval Observatory Time Serv-
ice,” Circular No. 49; 1954.

§ B. F. Husten and H. Lyons, “Microwave frequency measure-
ments and standards,” Trans. AIEE, vol. 67, pp. 321-328; 1948.

7 ]. E. Sherwood, H. Lyons, R. I MecCracken, and P. Kusch.
“High frequency lines in the hfs spectrum of cesium.” Phys. Rev.,
vol. 86, p. 618; 1952.

3 1. Essen and J. V. L. Parry, “The caesium resonator asa-stand-
ard of frequency and time,” Phil. Trans. R. Soc., London, vol. 230,
pp. 45-69; 1957.
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precision can be attained in measuring the cesium fre-
quency and also other atoniic frequencies such as those
of rubidium, as was indicated by recent work of Bender
and Beatyv of the Bureau and Chi of the Naval Research
Laboratory.? Since the frequencies of these resonances
depend on energy levels of the atoms involved, and since,
in the case of the cesium, independent experiments have
agreed to within the limits of precision, we mayv pre-
sume that they can serve well as standards for time and
frequency.

Flow can we relate these resonance {requencies to the
defined unit of time, the ephemeris second? Since the
second is defined by an event which occurred over 30
yvears ago we must measure the resonance frequencies
in terms of current values of the UT2 second, and then,
through observations on the moon, relate the UT2
second to the ephemeris second. This was donel!® re-
cently, based on four vearsof observation of the moon,
showing that the ephemeris second corresponds to
9,192,632,770 % 20 cveles of the cesium frequency. This
is much less precise than the defined value of the second
or the precision with which the cesium resonance can be
observed.

We have no hope of relating the atomic resonances
to the ephemeris second with much greater precision in
the near future. We thus are faced with the fact that
atomic coustants are much better standards for time
and frequency than astronomical constants. Further-
mere, as standards they are much more accessible than
the astronomical constants which require long vears of
observaticn to compare them precisely with other quan-
tities. Clearly, we are able today to improve our stand-
ard for time by selecting one of the atomic resonances
and defining the second in terms of it, making the defini-
tion such that the new definition will agree as closely a
feasible with the present one.

The frequencies broadcast by the Bureau's stations
WWV and WWYVH are now monitored and kept as
constant as possible by reference to the cesium reson-
ance. The intervals between the seconds pulses are
maintained in the same way. Therefore the seconds
pulses gradually get out of step with mean solar time.
When the difference becomes great enough the pulses
are shifted by exactly 20 milliseconds to bring them back
in. Thus we are already using two kinds of time, atomic
time—that's {or the scientists—and mean solar time—
that’s for the birds and other diurnal creatures.

These attempts to improve time and frequency meas-
urement may seem a quest for precision for precision’s
own sake, a futile pushing of the decimal point. But this
is not correct. It is an attempt to establish standards so
that we may learn what physics lies bevond the decimal
point. For such things have Nobel Prizes been awarded.

? P. L. Bender, E. C. Beaty, and A. I\ Chi, “Optical detection of
narrow Rb# hy perhne absorption lines, Phys. Rev. (letter), vol. 1
pp. 311-313; 1958.

Y \Iar\omt/ R. G. Hall, L. Essen, andI V. L. Parry,
quency of cesium in terms of ephemens time,” Phys. Rev.
vol. 1, pp. 103-107: 1938,
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We have already learned that the earth turns ‘”e%*lllarlv
on its axis. Now we ask, do time scales based on astr,
nomic, atomic, and molecular processes change With
respect to each other as some think they might? (Ty,
ammonia maser depends on molecular processes for j
frequency stability.) Perhaps from these newly achieveq
precisions and those soon to be achieved we may eve,
be able to resolve experimentally the famous clog
paradox of relativity!

We see that, of the four prototype standards, one j
already embodied in a phyvsical constant. Another seems
about to be, and a third one is ready to be. What aboy
the standard of mass? We can see no way of em,;mdying
that in a physical constant at present without detract.
ing from the accuracy of our system. We seem to be

“struck” with the platinum-iridium kilogram. And js
that bad?
Table II showed that the kilogram is the most pre.

cisely measurable of our prototype standards, that un-
certainty in comparing it with other masses is about as
small as the uncertainty in comparing rhe cesium second
with the ephemeris second. \What could cause the kilo-
gram to change? Anv damage to it which would remove
Lin 10° of its mass by a scratch or nick would be per-
ceived readily by the naked eve. The oxidation of plat
um at normal temperatures is so slow it has never
been measured and no sign of an oxide coating on the
metal has ever been noticed. We know of one calculable
change which will take place in it. One of the isotopes
of platinum, Pt 190, is radioactive. It undergoes a-
decay with a half-life of about 102 vears. Since the
abundance of this isotope is only 0.012 per cent it will
take about 10° vears for it to produce a change as great
that
Arago kilogram, produced during the first half of
1e last century, has exhibited a loss of mass of the
order of a few milligrams. This kilogram was forged
from sponge platinum and must have had inclusions of
gas which escaped. The kilograms of todayv are of fused
metal and free from changes of this nature. There ap-
pears to be no good practical reason for replacing the
kilogram with a physical constant.

Physical constants are extensivelv used for derived
standards and for standards embodying magnitudes
differing greatly from the defined unit. The Interna-
tional Temperature Scale, which is an approximation to
the Thermodynamic Scale, is based on the equilibrium
temperatures of various substances. Higher temper-
tures are measured in terms of the constants in Planck's
radiation law. The speed of light is emploved in the
measurement of large distances in optical and radio sur-
veying. The gyvromagnetic precession frequency of the
proton,! which has been measured with great accuracy
at the Bureau, affords a means of comparing two differ-
ent magnetic fields with high precision. Manv other
physical constants, too numerous to mention, find em-
ployment in extending_the range of physical measure-
ment. The determination of the values of these many

as the imprecision of measurement. We do know
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3 Summary—The purpose of this paper is to supplement the pre-
3 ceding paper’ by describing in some detail the various measuring pro-
cedures and supporting research which must be carried on by a na-
tional standardizing laboratory to meet its responsibilities related to
a single one of the many units of measurement on which modern
science, engineering and industry are based. The exar’nple chosen is
the ampere, the unit of electric current in the MKSA system. The
tasks involved naturally fall into five successive stages, namely; the
definition, establishment, maintenance, extension and dissemination
of the unit.**

DEFINITION OF THE AMPERE

LNMOST a century ago, a committee of the British
Assoctation for the Advancement of Science,
under the chairmanship of Clerk Maxwell and

guided by the ideas of Weber and Gauss, defined an
electrostatic and an electromagnetic svstem of electric
and magnetic units based upon the centimeter, the
gram, and the second, as the fundamental mechanical
units. For the electromagnetic svstem, the further as-
sumption was made that the permeability of empty
space was to be regarded as a dimensionless quantity
numericaliy equal to unity. (In the electrostatic svsten,
the permittivity of empty space was regarded as a
dimensionless quantity numerically equal to unity.)
The resufting electromaguetic units of voltage and re-

Sistance were found to be inconvenient in maguitude;

S Originad manuscript received by the [RE, December 9, 1938;
fevised manuscript received February 19, 1959,
T National Bureau of Standards, Washington. D. C.
‘RF'_A\.1 G. MeNish, “The basix of our measuring svstem,” Proc.
o il €. n. 030
- F. B, Silshee. ¥Establishment and Maintenance of the Flectrical
s S NBS Circular 473 June, 1949
“ELBL Silshee, “Extension and Dissemination of the Electrical
-tic Units by the National Bureau of Standards,”™ NBx
iy July, 1932
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system have been ready to adopt new standards for the
old ones. Thus we see a transition taking place now from
a system based on man-made standards to a svstem
based mainly on phyvsical coustants, as far as this is
possible.

The prototype standards seemn to need hittle improve-
ment. The advances which we must make in our me-
trology are in extension of the range over which ac-
curate measurements can be accomplished. Particu-
larly, we need to develop techniques to measure ac-
curately new quantities and new aspects of old quantities
to meet the requirements of our expanding technology.

The Ampere’

F. B. SILSBEE}

and in the 1890s, units larger by factors of 10% and 10°
and named the volt and the ohm, respectively, came
into use as the basis for the so-called “practical” electri-
cal units. To retain the coefficient in Ohm's Law at the
convenient value of unity required that th
unit of current, the ampere, should be 1/10 of the cgs
electromagnetic unit.

At that time it was cousidered important that the
electrical units be so defined that they could be repro-
duced in any laboratory with a minimum ¢f inconven-

¢ practical

tence. In the case of electric current, there was wide use
of the coulometer, in which the amount of metal de-
posited from au electrolytic solution in a measured time
is taken as the measure of the average current. In 1908,
an intern-tional electrical congress was held in Loudon,
at which the *Tnternational Ampere” was defined as the
unvarying current which would deposit silver at the
rate of 0.00111800 gram per secoud {rom an aqueous
solution of silver nitrate.

With the establishment of national standardizing lab-
oratories in the industrial nations, the need for ready
reproducibility of the ampere became much less im-
studies at the National

portant. The succession of

“Bureau of Standards of the sitver coulometer and of the

iodine coulometer, which had been suggested as an al-
ternative basis for the definition of the ampere. had
shown disconcerting discrepancies and sources of error:
there were, in particular, errors {from the inclusion of
solution in cavities in the deposited silver, the presence
ol complex ions, and later the recognition of the isotopic
complexity of silver. Other studies at the national lab-
oratories showed that methods of measuring the aTipers
i terms of length, mass, and rime, while still dithicult



